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ABSTRACT

Pseudouridine (W) is a ubiquitous RNA modification incorporated by pseudouridine
synthase (Pus) enzymes into hundreds of non-coding and protein coding RNA substrates. Here,
we determined the contributions of substrate structure and protein sequence to binding and
catalysis by pseudouridine synthase 7 (Pus7), one of the principal mRNA modifying enzymes.
Pus7 is distinct among the Pus proteins because it modifies a wider variety of substrates and shares
limited homology with other pseudouridine synthase family members. We solved the crystal
structure of Saccharomyces cerevisiae Pus7, detailing the architecture of the eukaryotic specific
insertions thought to be responsible for the expanded substrate scope of Pus7. Additionally, we
identified an insertion domain in the protein that fine-tunes Pus7 activity both in vitro and in cells.
Our data demonstrate that Pus7 preferentially binds substrates possessing the previously identified
UGUAR (R = purine) consensus sequence, and that RNA secondary structure is not a strong
requirement for Pus7 binding. In contrast, the rate constants and extent of ¥ incorporation are
more influenced by RNA structure, with Pus7 modifying UGUAR sequences in less structured
contexts more efficiently both in vitro and in cells. Although less structured substrates were
preferred, Pus7 fully modified every tRNA, mRNA and non-natural RNA containing the
consensus recognition sequence we tested. Our data suggest that Pus7 is a promiscuous enzyme,
and lead us to propose that factors beyond inherent enzyme properties (e.g. enzyme localization,
RNA structure, and competition with other RNA-binding proteins) largely dictate Pus7 substrate
selection.



SIGNIFICANCE STATEMENT

Pseudouridine is among the most abundant RNA modifications. We present a framework for
conceptualizing how eukaryotic pseudouridine synthases select their substrates. This work reveals
the structure of yeast pseudouridine synthase 7 (Pus7) and presents cell-based and biochemical
investigations of enzyme binding and activity. We demonstrate that Pus7 interacts promiscuously
with RNAs containing UGUAR sequences. Our observations raise the question of why these
enzymes only modify < 5% of UGUAR sequences in the transcriptome, suggesting that factors
beyond inherent enzyme properties - such as protein localization, local RNA structure and mRNA-
protein interactions - principally shape Pus7 substrate selection. These findings support a role for
Pus7 in providing cells with a mechanism to rapidly alter protein synthesis in response to cellular
conditions.



INTRODUCTION

Post-transcriptional modifications to the four standard RNA nucleosides increase the
structural and functional complexity of RNAs. The C5-glycosidic isomer of uridine, pseudouridine
(V), is incorporated into multiple RNA species including transfer RNAs (tRNAs), ribosomal
RNAs (rRNAs) and eukaryotic messenger RNAs (mRNAs) (Fig. 1A). While W has been studied
in the context of non-coding RNAs for decades, the significance of ¥ in mRNAs is less well
understood. Like all mRNA modifications ¥ has the potential to affect every step in the life-cycle
of an mRNA (1). In line with this idea, mRNA pseudouridylation has been implicated as a regulator
of human alternative splicing, yeast protein synthesis and toxoplasma mRNA metabolism (2-4).
Nonetheless, despite its prevalence, how cells select mRNAs for ¥ modification, and the impacts
of individual mRNA ‘Y-sites on biological processes remain to be established.

Y is installed into RNAs in all organisms by pseudouridine synthases (Pus). This large
class of enzymes is categorized into six families: TruA, TruB, RIuA, RsuA, TruD and Pus10 (SI
Appendix Fig. S1). Despite the observation that many Pus enzymes are not required for cellular
viability in non-stressed conditions, wild-type cells outcompete Pus-deficient cells suggesting that
these enzymes confer a fitness advantage (5-7). Consistent with this, Pus proteins markedly
enhance cellular fitness under heat shock (8-11). Furthermore, mutations in the human TruA, TruB
and TruD family members (Pusl, Pus4 and Pus7, respectively) are linked to inherited diseases
such as mitochondrial myopathy and sideroblastic anemia (MLSA) and intellectual disabilities
(12-15). In addition to their enzymatic roles, there is emerging evidence that some Pus proteins
can have alternative functions in the cell - acting as a tRNA folding chaperones or prions (16-18).
One of the next horizons for the pseudouridine synthase field will be deconvoluting the
contributions of each of the varied Pus activities (non-coding RNA- and mRNA-modifying, or
non-enzymatic) to gene expression.

Bacterial Pus family members have been studied for decades and their structures, chemical
mechanisms and modes of RNA target selection are well characterized (19, 20). However, it is
unclear why some eukaryotic Pus enzymes exhibit an increased substrate scope, modifying
hundreds of mRNAs in addition to their traditional non-coding targets (21, 22). The enzymes
responsible for catalyzing the bulk of ¥ incorporation into eukaryotic mRNAs are Pus1, Pus4 and
Pus7 (23, 24). Recent transcriptome wide W-mapping and reporter studies indicate that mRNA
secondary structure and sequence contribute to substrate selection by human Pusl and Pus4 (25,
26). Pus7 is distinct from Pusl and 4, as it shares ~10% sequence identity with these enzymes and
incorporates ¥ into a particularly diverse set of RNAs (tRNA, tRNA fragments, snRNA, rRNA,
and mRNA) (23, 24, 27-29). Pus7 has been shown to preferentially incorporate ¥ into UGUAR
(U = U converted to ¥, R = A or G) consensus sequences (23, 24, 28). However, this sequence
motif does not explain how Pus7 selects its substrates because only a limited set (< 5 %) of the
UGUAR sequences present in RNAs are Pus7 targets.

To establish the determinants of Pus7 substrate selection, we first solved a crystal structure
of S. cerevisiae Pus7. Comparing the yeast and human Pus7 structures with their prokaryotic TruD
counterparts, we noticed a large eukaryotic-specific insertion (insertion domain I, ID-I) sitting atop
the active site in two distinct conformations. Both of the observed conformations for this domain



are well-positioned to potentially interact with incoming RNA substrates. Our extensive
biochemical and cell-based studies of Pus7 enzymes lacking ID-I (Pus7amp1) support this
supposition. We also evaluated the impact of RNA sequence and structure on Pus7 substrate
binding and modification. Our results indicate that Pus7 preferentially associates with RNAs
containing a UGUAR consensus sequence, but only minimally discriminates between binding
different RNA structures. The enzyme has greater degree of selectivity during catalysis than
binding, with the rate constant and extent of pseudouridylation increasing on RNAs with less
predicted structure both in vitro and in cells. Nonetheless, despite these preferences, Pus7 modifies
all of the UGUAR containing substrates we presented it in vitro. Our observations lead us to
propose an opportunistic model for Pus7 substrate selection. In this model, Pus7 rapidly samples
RNAs, binding and modifying any UGUAR sequence it can access for long enough. Our model is
supported by observations that UGUAR sequences in structured contexts are modified more
rapidly and efficiently at elevated temperatures, when RNA structures are destabilized. This
extends the current framework for thinking about Pus enzymes by proposing that protein
compartmentalization, local RNA structure, and mRNA-protein interactions are among the most
substantive determinants for Pus7 substrate discrimination.



RESULTS

S. cerevisiae Pus7 structure reveals flexibility in the architecture of the eukaryotic insertion
domains

Pus7, like other TruD family members, shares little sequence identity with the four other
pseudouridine synthase families (TruA, TruB, RluA, RsuA)(30). Available structures of TruD
from E. coli [PDB:1S17, 1ZSW, 1SB7], Methanosarcina mazei [PDB:1Z22Z], and Pus7 from
humans [PDB: 5SKKP] show that the core of the enzyme has a V-shape formed by two conserved
domains - the catalytic PUS domain and the TRUD domain (31-33). The structure of the PUS
domain is highly conserved across all pseudouridine synthases (34), with the invariant catalytic
aspartate falling on a B-strand that lies across the center of this domain. The TRUD domain is a
mixed off fold conserved across all TruD homologs (30-33). This domain is oriented adjacent to
the PUS domain, and together they form a catalytic cleft (V) lined with positively charged residues.
The TRUD and PUS domains are connected by an extensive loop-rich region at the base of the
cleft where the active site sits. Structural comparison of the five biological assemblies present in
the three E. coli TruD structures demonstrates the ability of these core domains to flex towards
each other by 18° (32). This motion could be facilitated by the hinge-like loop-rich region
connecting the domains, and potentially help the enzyme to "clamp" down on RNA substrates.

Archaeal and eukaryotic TruD homologs contain large insertions at specific sites in the
TRUD domain (33). Eukaryotic homologs possess two additional unique insertions decorating the
catalytic domain (31-33). The largest of these eukaryotic-specific insertions, insertion domain I
(ID-I), is a small domain first visualized in the structure of human Pus7 (PDB: SKKP). This domain
is conserved in yeast Pus7 (SI Appendix Fig. S2) (30). Eukaryotic members of the TruD family
modify a much larger range of RNAs than their bacterial counterparts, which only modify U13 on
tRNAS"™ (30). Given their conservation and the expanded substrate selection observed, it stands to
reason that structural features (insertions) unique to the eukaryotic enzymes might play a crucial
role in the recognition and modification of their additional substrates.

To that end, we sought to develop a structural basis for understanding how eukaryotic
insertions can contribute to Pus7 substrate selection and modification. We used a combination of
molecular replacement (using human Pus7 as a model) and single-wavelength anomalous
dispersion phasing to obtain a crystal structure of S. cerevisiae Pus7 to 3.2 A resolution (Fig. 1B,
SI Appendix Table S1 and Fig. S2) (PDB:7MZV). The core of the Pus7 structure strongly
resembles that of TruD (RMSD =3.74 A based on 144 atoms), adopting the characteristic V-shape
conformation of the PUS and TRUD domains (Fig. 1C, SI Appendix Fig. S2). The active site sits
near the bottom of the cleft adjacent to the hinge region where the two domains interface. The
universally conserved catalytic aspartate (D256) resides on a loop between B3 and B4 and is
surrounded by residues conserved within the TruD family (K61, F67, E71, N305 and F307) (SI
Appendix Fig. S3), and is ~ 4 A closer to the conserved active site residues in Pus7 than in TruD
(SI Appendix Fig. S2). Such positioning is consistent with the location of the catalytic Asp in the
co-crystal structure of TruB with an RNA (PDB:1K8W) (32). The most notable structural
difference between Pus7 and TruD is the presence of the three eukaryotic specific insertions that
decorate the enzyme’s V-shaped core [insertion domain I (ID-I, aa 75 — 215), II (Ins-II, aa 365 —



443), and III (Ins-11I, aa 594 — 634)] (Fig. 1B). These insertions are connected to the catalytic
domain by flexible linkers.

A structural alignment of yeast and human Pus7 reveals that the three insertions adopt
similar folds and are present at equivalent locations in both structures (SI Appendix Fig. S2). ID-
I folds into an extensive domain that is anchored to the top-exterior (side opposite the active site)
of the PUS domain by flexible linkers. ID-I is observed in two distinct orientations above the active
site (SI Appendix Fig. S2). Ins-III, the smallest insertion, is located on the exterior of the catalytic
domain near the hinge region. Ins-II is a helical bundle perched atop the TRUD domain, and
together, ID-I and Ins-II elongate the cleft between the PUS and TRUD domains. These insertions
are ideally positioned to potentially interact with RNA substrates. Comparison of human and yeast
Pus7 structures demonstrates that ID-I and Ins-II can adopt different orientations relative to the
core of the protein. In yeast Pus7, ID-I extends laterally away from the protein, while in human
Pus7 it is slightly rotated to be positioned directly above the active site. This suggests that ID-I can
move as a rigid body, both swiveling laterally (akin to a flag on a pole) over the top of, or away
from the active site. Ins-II is also found in slightly different orientations in each structure, hinting
to its rotational and translational freedom of motion. Ins-II in yeast Pus7 is pivoted away from the
active site, but angled in towards the catalytic cleft in human Pus7. Though the physiological
relevance of these orientations is not immediately apparent, the freedom of motion and inherent
flexibility could enable Ins-II or ID-I to play a part in recognizing regions of the substrate distal to
the site of modification.

To determine if ID-I shares homology with known RNA binding motifs, we performed a
protein structure comparison search with the DALI server (35). Using ID-I from both the yeast
and human Pus7 structures, our results indicate that ID-I shares strong structural homology with
the RNA binding R3H domains. The strongest match was to a Poly(A)-specific ribonuclease
domain (PDB: 2als, Z = 6.3, %ID =21) that utilizes an R3H motif to bind single stranded nucleic
acids. This motif contains an invariant arginine separated from a conserved histidine by three
residues. Sequence alignments demonstrate that these residues are present and conserved in ID-I
(SI Appendix Fig. S3). Additionally, the structure of the R3H motif is characterized by two
o—helices packed against a three-strand (-sheet, which aligns well with the structures of ID-I in
yeast and human Pus7 (SI Appendix Fig. S4). ID-I’s predicted ability to interact with RNAs and
its stark positional variance relative to the active site suggest that ID-I may serve as an attenuator
of RNA binding.

Pus 7 enhances S. cerevisiae viability under translational stress

Pus7 enhances cellular fitness under temperature stress and modifies a wider variety of
mRNA targets under heat shock (24). Given the recently discovered links between Pus7 mutations
and neurological defects, we hypothesized that Pus7 is important for cellular health under
additional stress conditions (12). To test this supposition, we compared the growth of wild-type
and pus7A S. cerevisiae cells under 15 different conditions: multiple temperatures (22°C, 30°C,
37°C), elevated salt concentrations (NaCl, MgCl,), varied pH (pH 4.5 and 8.5), carbon sources
(glucose, sucrose, galactose), proteosome stress (MG132) and translational stress (puromycin,
paromomycin, cycloheximide, hygromycin). Cell growth was assessed by spot-plating on solid



media and growth curves in liquid media (SI Appendix, Figs. S5, S6). pus7A cells do not exhibit
a growth defect relative to wild-type cells in YPD media at 22°C or 30°C, but are sensitive to
increased temperature (37°C) as previously reported (11). We did not observe any carbon source-
dependent growth changes between the wildtype and the knockout cells. The pus7A strain has a
slight sensitivity to high concentrations of NaCl, but not MgCl,. This is consistent with high-
throughput studies that identified pus7A as one of ~300 yeast knockouts that are more sensitive
than wild-type cells to hyperosmotic (1M NacCl) stress (36).

Translation inhibitors had the largest impact on pus7A growth relative to wild-type cells.
pus7A cells were more sensitive to puromycin, cycloheximide and hygromycin, and exhibit a
decreased sensitivity to paromomycin (SI Appendix Figs. S5, S6). This makes sense as Pus7
modifies both tRNAs and mRNAs, which could impact translation. To test hypothesis, we
analyzed available ribosome profiling data sets for pus7A (37, 38). We observe that ribosome
occupancy is increased on Pus7-targeted mRNA codons in pus7A cells (SI Appendix Fig. S7),
consistent with recent reports that mRNA pseudouridinyltion slows translation elongation (3, 39).
Together, our results indicate that Pus7 is likely to be particularly important when cellular
translation is under stress.

Conserved Pus7 active site residues enhance RNA modification

Our crystal structure revealed that the Pus7 active site is similar to that of TruD, and
suggests that ID-I might be positioned to contribute to enzyme function. We next wanted to test if
conserved Pus7 active site residues and ID-I enhance the ability of the enzyme to modify a reported
mRNA substrate, CDC8 (24). To accomplish this, we measured the single turnover rate constants
(kobs) for ¥ incorporation into a 61nt long region of CDC8 by wild-type and mutant enzymes
(D256A, K61A, E71A, F67A, HI61A, N305A, F307A, F307Y and Pus7amp.1) (Fig. 2, Table 1). In
these experiments the Pus7 enzymes (2-10 uM) were incubated with *H-labeled CDC8 RNA (<
100 nM) and *H release upon conversion of U to ¥ was monitored at discrete time points (40). As
expected, mutation of the catalytic D256 residue to alanine abolishes Pus7 activity, with no ¥
formation observed after 16-hours (41). Alanine substitution of the nearby active site residues K61,
F67 and E71 reduced the kobs for CDC8 modification by 40 to 200-fold, consistent with the
proposed role of these residues in substrate positioning during catalysis in TruD. Mutations to the
conserved active site NxF motif had larger impacts on Pus7 activity, with N305A and F307A
mutants decreasing kobs by up to 50,000-fold relative to the wild-type enzyme. The F307A defect
was partially rescued by a F307Y mutation (400-fold reduction in kobs) suggesting that the F307
base stacks with the target uridine to enhance CDC8 modification. In contrast to the active site
mutants, kobs 1s unchanged by the ID-I point mutation H161A. However, removal of ID-I truncation
(Pus7amp1) reduced kqbs by 2-fold (SI Appendix Table S2). These data reveal that conserved active
site residues are important for ¥ modification by Pus7, while ID-I does not have a large influence
on the rate determining step for Pus7 under saturating enzyme concentrations.

Multiple Pus7 enzymes bind to unmodified and modified CDC8
To assess the contributions of active site residues and ID-I to RNA substrate binding we
performed electrophoretic mobility shift assays (EMSAs) with a 5’-fluorescein labeled CDCS8 and



a series of catalytically inactive Pus7 mutants (D256 A mutant background). We observed a single
band shift at low enzyme concentrations (< 50 nM), indicating the formation of a Pus7-CDCS8 (ES)
complex (Fig. 3). For all of the mutants evaluated, the singly-bound species is super-shifted when
enzyme concentrations are increased (Fig. 3, SI Appendix Fig. S8). These additional bands indicate
the formation of complexes that contain multiple Pus7 proteins associated with CDCS8 (ESE.
complexes). We speculate that these lower-affinity binding events reflect non-specific interactions
between Pus7 and the RNA phosphodiester backbone. This may be a general property of Pus
enzymes, as we also observe a similar binding behavior for the pseudouridine synthase family
member Pusl interacting with FI-CDC8 (SI Appendix Fig. S9). For both enzymes, the transition
from the 1:1 complex to the nt+1:1 complex occurs over a very narrow concentration range,
reflecting the large number of non-specific binding sites available on each RNA. Based on these
observations, we considered several binding models (SI Appendix Fig. S10), and ultimately fit our
data to a simplified mechanism in which Pus7 independently binds a unique site tightly (Kp,app1 -
low nM) and multiple additional sites with reduced affinities (Kp,pp2 - high nM to uM) (SI
Appendix, EMSA methods). Such a model is supported by stopped-flow studies with 5°-
fluorescein labeled CDCS8 and unlabeled D256A Pus7. At low enzyme concentrations we observed
a single exponential phase, whose rate constant (kobsi) is linearly dependent on enzyme
concentration (SI Appendix Fig. S11). As we increase enzyme concentration, a second phase
emerged (kobs2) consistent with our EMSAs indicating that multiple proteins bind to Pus7 RNA
targets.

We applied our binding model to obtain Kpapp1 values for D256A, D256A/K61A,
D256A/F67A, D256A/E71A, D256A/H161A, D256A/N305A, D256A/F307A, and
D256A/Pus7 a1 binding to CDCS8 (Table 1). D256A binds CDCS tightly with Kp app1 = 60 £ 15
nM, consistent with the Kp estimated for D256A from our stopped flow assays (kon,app = 4.3 x 10%
M-S, kotrapp = 35 871, kofrapp/kon.app = K ~ 85 nM) (SI Appendix Fig. S10). Additional active site
point mutations increased the Kp app1 for Pus7 binding CDCS by 2- to 8-fold relative to D256A
(Table 1; SI Appendix Fig. S8). Similarly, removal of ID-I (D256 A/Pus7ip-1) increased the Kpapp,1
for CDCS8 by 2-fold. Many enzymes bind their products with different affinities than their
substrates. To test if Pus7 discriminates between unmodified and ¥-modified transcripts we
measured the Kpapp,1 values for Pus7 and Pus7aip.1 binding to modified CDCS8. We found that wild-
type Pus7 bound W-modified CDCS8 sequences with an affinity similar to its catalytically inactive
counterpart (D256A) for an unmodified CDCS8 substrate (Table 1). In contrast, Pus7amp.1 had an 8-
fold weaker affinity for a W-modified CDC8 than D256 A/Pus7ap.1. This indicates that Pus7 does
not distinguish between substrate or product during binding, and that ID-I promotes this lack of
discrimination.

ID-I influences the extent of W-incorporation in full-length mRNAs in vitro and in cells

Our binding studies suggest that ID-I has the potential to impact substrate selection. We
tested this hypothesis by evaluating ‘V-incorporation under conditions where Pus7 must distinguish
between all cellular RNAs. Pus7 and Pus7amp.1 proteins (50 uM) were incubated for 10 minutes at
30°C with 150 pg of total RNA purified from pus7A cells. The extent of W-incorporation on
previously reported Pus7 modified substrates (ARGS5,6, BET2, TEFS5, RTC3w77), RTC3u2ss),



TEF2usss), TEF2 (1104)) was measured using CMC-RT and Ligation Assisted PCR analysis of ¥
modification (CLAP) (42). The RNAs treated with Pus7 and Pus7am.1 exhibited a similar range of
stoichiometries (6-40% vs. 7-60%) (SI Appendix Fig. S12). While the range of Y-incorporation
levels was similar, the presence of ID-I impacted the extent of ¥ addition on 4 of the 7 substrates
we examined - with Pus7am.1 incorporating ¥ at lower levels than Pus7 in ARGS5,6, BET2, and
TEF2usss), and adding more W in RTC3uass) (SI Appendix Fig. S13). We verified that ID-I
influences how much ¥ Pus7 incorporates in cells by using CLAP to measure ‘P-levels on BET2,
RTC3w77), RTC3(u2ss), TEF2(usssy and TEF2 11049y mRNAs purified from cells containing or
lacking ID-I (SI Appendix Fig. S13). Both in vitro and in cells, ID-I does not have a uniform effect
on the substrates that we examined. Together, these data suggest that ID-I may act as a rheostat to
fine-tune how Pus7 interacts with individual sequences. The idea that ID-I makes subtle
contributions to Pus7 function is supported by our observation that cells expressing Pus7am-1 do
not have a growth defect (SI Appendix Figs. S14 and S15).

Pus7 tightly binds RNAs with an array of sequences and secondary structures

The sequences targeted by Pus7 in cells often occur multiple times within a single mRNA,
yet only a small subset of potential target Us are converted to V. Pusl and Pus4 are reported to
use RNA secondary structure to recognize their substrates, and we wondered if RNA structure
similarly dictates which uridines Pus7 modifies (25, 26). To begin asking this question, we
predicted the secondary structure context of S. cerevisae mRNA sequences modified by Pus7 (23).
For each sequence, we modeled a 100-nucleotide region surrounding the site of W-incorporation.
Secondary structure models were obtained using two different folding algorithms in the
RNAstructure software package (free energy minimization (MFE), maximum expected accuracy
(MEA)) (23, 43). These predictions indicate that in cells Pus7 modifies Us in a wide variety of
structural contexts including unstructured regions, loops, bulges and helices (SI Appendix Fig.
S16). We noted that multiple Pus7 consensus sequences are often present within a single targeted
mRNA. Therefore, we also examined the structural context of non-modified sequences within
Pus7 targeted mRNAs. Comparison of our structural models suggest that targeted uridines more
commonly exist in less structured contexts than non-targeted uridines present on the same mRNAs
(SI Appendix Fig. S16).

To experimentally evaluate the ability of Pus7 to interact with RNAs in a variety of
structural contexts, we measured the binding of a catalytically inactive D256A Pus7 mutant to a
series of 5° fluorescein labeled RNAs (Fig. 4A). These RNAs differ in both their sequence and
secondary structures and include a natural tRNA target (tRNA”P), three truncated CDC8 mRNAs
(CDC8-A, CDC8-B, CDC8-C) and two non-natural substrates that place the target U in different
structural contexts (ST1 and ST2). D256A bound to nearly all of the RNA substrates that we tested
with similar affinities (16-130 nM) (Table S3). Only the short (19 - 25 nt) CDC8-B and ST2
substrates significantly increased the Kp app1 for D256A, though the enzyme still bound the CDCS-
B with a sub-uM dissociation constant (Kp app1 = 800 = 320 nM) (Fig. 4, SI Appendix Table S3).
These findings indicate that Pus7 has a substantial affinity for RNAs in general, and together with
our stopped-flow binding data, lead us to propose that the enzyme rapidly searches for consensus
sequences amidst many nonspecific binding sites (SI Appendix Fig. S17).



Pus7 can rapidly incorporate ¥ on a diverse set of RNAs

Our results indicate that PUS7 substrate binding is largely independent of the RNA
secondary structures and sequences that we investigated. We wondered if RNA structural
properties play a bigger role in determining the ability of Pus7 to modify substrates. To test this,
we compared the single-turnover rate constants for ¥ incorporation into tRNA”, CDC-8, CDC8-
A/B/C, ST1 and ST2 (Figs. 4 and 5). We find that wild-type Pus7 modified the CDC8 mRNA
substrates ~10-fold faster than tRNA* (kopsmna = 0.009 s71 + 0.0005, kobscdcs = 0.99 s £ 0.1).
The kobs,rna value that we measured is slower than previous studies of E. coli TruA, TruB and
RIuA Pus enzymes which have rate constants between 0.1 - 0.7 s™ on their non-coding targets (44-
46). As expected, no W is incorporated into substrates when the target uridine is mutated to a
cytidine (tRNAA®yt, CDC8nr). While the truncation of CDC8 (CDC-A/B/C) does not alter the
rate constant for pseudouridylation, we find that Pus7 incorporates ¥ 200- to 4000-fold more
slowly into the shorter non-natural UGUAG containing RNA sequences (ST1, ST2). We anticipate
that the reduced kobs for ST2 reflects its weak binding of Pus7 (Fig. 4, SI Appendix S8). Notably,
the removal of ID-I (Pus7amp-1) partially recovered enzyme activity on ST1 (increasing kobsst1 by
2-fold) suggesting that this domain may help to serve as a gatekeeper for substrate selection (Fig.
5). Together, our data demonstrate that Pus7 is capable of fully modifying any substrate containing
a UGUAG target sequence, regardless of context. However, it does convert uridines to ¥ more
quickly when they are present in regions of RNAs > 25 nt in length predicted to be flexible single
stranded.

Pus7 activity towards Us predicted to be in structured regions is enhanced at increased
temperatures

We further explored our observation that Pus7 appears to be more active on less structured
UGUAR sequences by measuring the rate constants for W-incorporation into the ST1 substrate at
elevated temperatures (37°C, 42°C, 50°C) where the structural stability of the RNA is reduced and
the molecule should be more dynamic. If, as we hypothesize, base-pairing limits Pus7 activity
towards substrates, then we anticipate that heating samples should increase pseudouridylation.
Indeed, we find that kqps,sT1 1s increased by 18-fold between 30°C and 42°C (Fig. 6A, SI Appendix
Fig. S19). There is still an enhancement in kobssT1 at 50°C, albeit less than that at 42°C, despite
being closer to the Tm of ST1 . We modeled the thermostability of Pus7, and our model indicates
that Pus7 is not stable at 50°C (SI Appendix Fig. S20), likely accounting for the decrease in activity
observed at this temperature.

Consistent with our in vitro observations, we modeled the structures of 20 randomly
selected mRNAs reported to be modified by Pus7 under heat shock at 30°C and 45°C (SI Appendix
Fig. S20). Comparison of these models reveals that most of the targeted Us we modeled are in
different, often less structured, contexts at 45°C than at 30°C (SI Appendix Fig. S13). We further
tested this by measuring the degree of W incorporation on nine full-length Pus7 substrates
(ARGS5,6, BET2, TEF5, RTC3w7), RTC3wass), TEF2wusss), TEF2 (iios), U2snRNAwuss),
U2snRNAuss)) at different temperatures by CLAP (42). In these assays, we reacted 150 pg of total
RNA purified from pus7A cells with 50 uM of purified Pus7 at 30°C and 37°C for 10 minutes. The
extent of pseudouridylation was increased at 37°C on all but one of the ‘heat shock’ targets with
more predicted secondary structure (TEF5, RTC3wu77), RTC3wu2ss), TEF2usss), TEF2 wi104)) (Fig.
6B). In contrast, the level of pseudourdinylation on targets previously observed in ¥-mapping



studies at 30°C (ARGS,6, BET2, U2snRNAwus3s)) or under nutrient starvation (U2snRNAuss)) were
either unaffected or decreased (Fig. 6B).



DISCUSSION

Our fundamental understanding of the structure and mechanism of pseudouridine synthases
is largely built on foundational studies of bacterial enzymes that exclusively modify non-coding
RNAs. The discovery of pseudouridine in eukaryotic mRNAs, coupled with the identification of
heritable diseases caused by mutations to human Pus enzymes have ignited a renewed interest in
eukaryotic pseudouridine synthases. While all Pus enzymes share a structurally conserved catalytic
core, the eukaryotic enzymes possess additional insertions with unidentified functions. Pus7, a
homolog of the bacterial pseudouridine synthase TruD, is among the enzymes that modify the
largest number of mRNAs in eukaryotes (23, 24). We solved the crystal structure of S. cerevisiae
Pus7, revealing the inherent flexibility in the form and position of Pus7 eukaryotic-specific
insertions (Fig. 1B). The largest insertion (ID-I), is a positively charged domain connected to the
Pus7 core by long flexible linkers. Normal mode analyses of our structure with eINémo and
DynOmics Portal 1.0, along with the differing positions of ID-I observed in the two Pus7
structures, suggest that this domain is very flexible. ID-I appears capable of swinging away the
core of the molecule, which may allow it to form contacts with RNA substrates distal from their
modification sites. Our findings that the removal of ID-I (Pus7ami) reduces RNA binding and
enhances substrate discrimination are consistent with such a model (Fig. 5, Table 1). Nonetheless,
in contrast to the large effect of active site mutations on substrate catalysis (38- to 74,000-fold),
the impacts of ID-I deletion both in vivo and in vitro are modest (2- to 4-fold reduction in ¥
incorporation) and indicate that the role of ID-I is more likely to fine-tune RNA substrate selection
(Fig. 5 and SI Appendix Fig S13).

Pus7 is distinguished from other pseudouridine synthases by the apparent variety of
substrates that it has been reported to modify. Our in vitro biochemical assays support this idea, as
we find that Pus7 can bind and pseudouridylate UGUAR motifs in diverse sequence and structural
contexts (Fig. 4). Our kinetic and CLAP data indicate that although Pus7 can modify uridines
predicted to be in strong secondary structures, it is most active on Us in regions with less predicted
structure (Figs. 4, 6 and SI Appendix Fig. S19). The relatively slow kqbs value we measured for
tRNAAP, where the targeted uridine is base-paired, exemplifies this trend. These biochemical
observations are in line with the predicted structural contexts of uridines targeted by Pus7 in yeast
cells. The models we obtained using RNAStructure reveal a trend for Pus7 substrate selection in
which modified UGUAR sequences are in less structured regions than unmodified UGUAR
sequences (SI Appendix Fig. S16). These observations can help to partially rationalize which
UGUAR sites Pus7 modifies in cells.

Under heat-shock, Pus7 modifies 15-fold more mRNAs (24). Consistent with this, we
found that the ST1 RNA, predicted to contain a base-paired UGUAG sequence, is modified more
efficiently at elevated temperatures, where the stability of the base-paired region of the molecule
is significantly reduced (Fig. 6A, SI Appendix Fig. S19). Additionally, we measured the
stoichiometry of W-incorporation in full-length RNAs previously reported to be modified under
either unstressed or heat-shock conditions (23, 24). We saw that heat-shock induced sites are more
efficiently modified at higher-temperatures than ‘W-sites detected in unstressed cells (Fig. 6B). This
is notable because Pus7 should be less stable (SI Appendix Fig. S20) and presumably less active



at elevated temperatures. Our data suggest that increased RNA dynamics are more important than
having optimal enzyme activity on these substrates.

Although our data indicate that Pus7 more quickly modifies structurally unconstrained Us,
we find that if left for long enough (2-10 minutes) Pus7 converts 100% of Us to ‘¥'s in all of the
model UGUAG-containing sequences we present it (Fig. 4). Similarly, we also observed that Pusl
is able to modify sequences not predicted to contain its preferred secondary structure if allowed to
react for 30 minutes (SI Appendix Fig. S9). Since a significant portion of Us identified as Pus7
targets in sequencing studies are predicted to be in structured regions, a simplistic model in which
Pus7 only interacts with single stranded uridines does not satisfactorily explain either our in vitro
studies or the breadth of targets identified by W-mapping in cells. Our findings suggest that instead
of identifying motifs that Pus7 can modify, we need to address why this promiscuous enzyme does
not modify every UGUAR sequence in cells. We propose that Pus7 rapidly samples RNA
sequences and opportunistically selects substrates that contain an accessible (even if only
transiently) UGUAR sequence motif (SI Appendix Fig S15). Such a mechanism is reminiscent of
DNA glycosylases that use facilitated diffusion to quickly scan nonspecific sites in their search for
damaged bases (47, 48).

The work that we present here suggests that Pus7 is a promiscuous enzyme, and that factors
beyond inherent enzyme properties (e.g. enzyme localization, RNA structure, and competition
with other RNA-binding proteins) significantly contribute to shaping Pus7 substrate selection (49,
50). This idea is exemplified by the observed re-localization of Pus7 to the cytoplasm, and
subsequent increased substrate scope under heat shock (24). The importance of protein localization
and cellular conditions to pseudouridine synthase target selection is unlikely to be unique to Pus7.
Pus4 was recently reported relocalize to the cytoplasm and have increased activity towards its
mRNA substrates when it is in a prion conformation (18). Collectively, these findings indicate that
the environment of potential RNA substrates, which remodels in response to changing cellular and
environmental conditions, plays a previously unrecognized role in determining the ¥-modification
landscape.



METHODS

Native and SeMet labeled S. cerevisiae Pus7 and Pus 1 proteins were expressed in E. coli
BL21(DE3) cells and purified on sequential Ni(NTA) and Resource Q columns. Pus7 crystals were
obtained by the sitting-drop vapor-diffusion. Diffraction data were collected at Advanced Photon
Source and processed using XDS. Phaser was used to obtain a molecular replacement solution and
REFACS was used for model refinement. The quality of the final Pus7 model was assessed with
MolProbity. Wild-type and pus7A growth were assessed in YPD supplemented with either NaCl,
MgSOs, puromycin, cycloheximide, hygromycin B, MG132 and 1.5-3 mg/mL paromomycin, or
YEP supplemented with either glucose, galactose or sucrose. All RNAs (SI AppendixTable S5)
were prepared by run-off T7 transcription of DNA oligonucleotides, and labeled (5 fluorescein or
SH) for binding, stopped-flow and single-turnover experiments. Pus7 substrate binding was
evaluated by EMSA and stopped-flow and modification was monitored by *H-release. The
stoichiometries of ¥ incorporation at specific sites in full-length mRNAs modifications were
measured using CMC-RT and Ligation Assisted PCR analysis of ¥ modification (CLAP). Detailed
procedures and reaction conditions for all experiments are provided in the SI Appendix Methods.



TABLES AND LEGENDS

Table 1
PUS7 kobs (s)" Kbp,app1 (nM)*
WT 9.9+ 1.0 x 10! 75+ 15
K61A 2.6+0.1 x 102 180 + 40
F67A 4.6+0.2 %103 480 + 50
E71A 52+03x107? 210 + 50
HI61A 6.9+0.9 x 107§ 170 + 40
D256A N.A™ 60 + 15
N305A 4.0+0.1 x10* 230 + 60
F307A 1.3+0.1 x 1075 340 + 170
F307Y 2.6+0.1 x1073 N.D.*™
AID1 3.8+0.6 x 107§ 160 + 40

" kobs values were determined by tritium release assays using 2 pM PUS7 and <100 nM CDCS substrate. At least
three replicate curves were collected for each mutant.

* Kp,app1 values were determined by electrophoretic mobility shift assays (n > 2) using PUS7 containing the
catalytically inactive D256A mutation in addition to the mutation indicated in the first column.

§ kobs value determined using 10 uM PUS7 and <100 nM CDCS8 substrate.

* N.A. no activity

“N.D., not determined.
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Figure 1. 8. cerevisiae Pus7 structure.

(A) Uridine and pseudouridine. (B) X-ray structure of Pus7 at 3.2A resolution (PDB 7MZV).
The structurally conserved V-shaped enzyme core housing the PUS and TRUD domains (blue).
The three eukaryotic specific insertions (green) are numbered I-III. (C) Superimposition of the S.

cerevisiae Pus7 (blue) and E. coli TruD (yellow, PDB:1SB7) structures demonstrating the
structural conservation of the enzyme’s catalytic core.
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Figure 2. Pus7 active site residues enhance catalysis.
(A) Conserved Pus7 active site residues investigated in this study. (B) Time-courses for ¥
incorporation into a CDC8 mRNA by saturating concentrations of (e) wild-type Pus7 and Pus7

active site mutants ((O) K61A, (A) E71A, (o) F307A). The single-turnover rate constants (kobs)
for alanine substitutions of all of the residues displayed in (A) are reported in Table 1.
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Figure 3. Multiple Pus7 proteins bind to CDC8 RNA.

The association of increasing concentrations of catalytically inactive D256A Pus7 with limiting

amounts of 5’-fluorescein labeled CDCS visualized on a non-denaturing agarose gel. Increased
concentrations of D256A resulted in multiple binding events.

A. [cDC8] [CDC8-NT| (CDC8-A| (CDC8-B| (CDC8-C] (ST1] [sT2]

g
3

: tRN AAup, Guc

B Kp appt (M)
= kobs(s-1 )

(ygu) H9de 'Oy

S T

COr LR v i IDC T

Figure 4. Pus7 can bind and modify a variety of RNA substrates.
(A) Secondary structures of the RNAs investigated in this study. The substrate sequences are
available in SI AppendixTable S5. (B) Kp_app1 (right y-axis, black bars) and kobs (left y-axis, gray

bars) values for Pus7 binding and modifying the substrates displayed in (A). The Kp app1 displayed
for ST2 (*) is a lower limit for this value (SI AppendixFigure S9).
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Figure 5. Insertion domain I enhances Pus7 selectivity for CDCS8 over ST1.

(A) Crystal structure of Pus7 with ID-I shown in gray. The Pus7amp1 protein (blue) lacks ID-I(gray).
(B) Time courses of W-incorporation into CDC8 and ST1 by wild-type Pus7 (e- CDCS, A -ST2)
and Pus7am1 (O- CDCS, o — ST1). The single-turnover kobs values for these reactions are reported
in SI AppendixTable S4. ID-I enhances the ability of Pus to discriminate between CDC and ST2;
wild-type kobs,cpes / kobs,sT2 = 178, and Pus7ami kobs,cpes / kobs,s2 = 40.
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Figure 6. Pus7 is more active at elevated temperatures on substrates with UGUAR
sequences predicted to be in secondary structures. (A) Time courses of W-incorporation into
ST1 by wild-type Pus7 at varying temperatures (®- 30°C, O- 37°C, A - 42°C, o- 50°C). The
single-turnover kops values for these reactions are reported in SI Appendix Fig. S19. (B)
Differences in the stoichiometry of W-incorporation at 30°C and 37°C in full-length RNA
substrates measured by CLAP. The level of W-addition is generally enhanced at sites that were
only detectable under heat shock in Schwartz, et al. (1). (C) Representative CLAP gel of BET2
pseudouridylated target site from total RNA purified from BY4741 yeast Apus7::kanMX. Black

arrow denotes the truncated, pseudouridylated product. The upper band is the unmodified, full-
length product.
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SUPPLEMENTAL APPENDIX EXTENDED METHODS

Expression and purification of wild-type, mutant and truncated Pus7 proteins.
Saccharomyces cerevisiae wild-type and truncated (Pus7anssce, Pus7aipi) Pus7 protein encoding
DNA-sequences were ordered from GeneArt. Ligation independent cloning was used to
incorporate these sequences into a pMCSG7 vector containing an N-terminal Hise-tag and TEV
cleavage site. Single and double mutants were incorporated into the Pus7 sequence by
QuikChange® site-directed mutagenesis (Stratagene) using appropriate primers (IDT) (Sl
Methods). Sequences were confirmed by Sanger DNA sequencing (UMich sequencing core). All
proteins were expressed in BL21(DE3)-P-LysS E. coli cells grown in 1L Terrific Broth, 100 ug/mL
ampicillin at 37°C and 250 RPM. Protein expression was induced by the addition of isopropyl -
D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.15 mM when cells reached ODeoo
of ~0.6. Following induction, cells were grown for 18 hours at 20°C and harvested by
centrifugation at 5,000 RPM for 30 minutes. Pus7 proteins were purified on a Ni?* Hi-Trap column
(GE healthcare), the His-tag was removed by TEV protease treatment followed by a second Ni?*
Hi-Trap column. The protein was further purified by anion exchange chromatography on a 5 mL
Resource™ Q column (GE Healthcare), and size exclusion chromatography using a Superdex
200 column (GE Healthcare). Purified protein was either concentrated and stored at -80° C or
used immediately for crystallization.

Selenomethionine Expression
pMCSG7-yPus7 was expressed in BL21(DE3) cells grown in Terrific Broth media (4% glycerol),

100 pg/mL ampicillin at 37°C overnight. The cells were pelleted resuspended in 1.1L of
selenomethionine minimal media, supplemented with 50 ug/mL L-selenomethionine, and 100 mL
of freshly prepared, and sterile filtered nutrient solution 20% (w/v) glucose, 0.3% (w/v) MgSOa,
0.1mg/mL Fe(l1)(SOa4)3, 0.1 mg/mL Thiamine, adjust to pH 7.4, sterile. The cells were then grown
at 37°C and 250 RPM until ODego of 0.6. The cells were induced with IPTG to a final concentration
of 0.2 mM and grown for 18 hours at 20°C before harvesting by centrifugation.

Crystallization
Unlabeled and SeMet derivatized Pus7 was concentrated 10 mg/mL in 50 mM TRIS, pH 7.5, 50

mM NaCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP). Crystals of Pus7 were obtained by the
sitting-drop vapor-diffusion method at 20°C by mixing 0.5uL of protein solution (10mg/mL) with
0.5uL of the reservoir solution which contained 2 M ammonium sulfate, 10 mM nickel (Il) chloride,
100 mM TRIS pH 8.5. The crystals were then cryoprotected in a solution of 15% glycerol, 1.7 M
ammonium sulfate, 0.85 mM nickel (Il) chloride, 85 mM TRIS pH 8.5 before being flash cooled in
liquid-nitrogen.

Crystal data processing
Diffraction data were collected at 100 K and at the Se edge on LS-CAT 21-ID-D at Advanced

Photon Source, Argonne National Laboratory using a DECTRIS EIGER 9M. Three data sets were
collected from two crystals, and all were separately processed with XDS to 3.2 A resolution were
Friedel pairs were treated as equal. Reflections from a total of 1500 selected frames (first 500
from 2 datasets and first 400 from the third) were merged and scaled with Aimless (cite) and the



resulting reflection file was used for subsequent refinements of our Pus7 model. The data were
indexed to space group C222 (unit-cell parameters a = 117.9, b = 171.8, ¢ = 105.3 A) with 1
molecule in the asymmetric unit (Matthew’s coefficient Vi = 3.46 A® Da™, 64.5% solvent content).
500 frames from a single data set were processed anomalous (Friedel pairs were not treated as
equal) with XDS to 3.2 A and the resulting reflection file was used for the SAD phasing.

Crystal structure solution
Initial structure solutions were obtained by molecular replacement using the human Pus7

(PDB:5KKP) as a search model and initial phases were calculated using Phaser (1). However,
we were unable to obtain a structure solution for insertion domain one, which necessitated the
growth of Se-Met Pus7 crystals. AutoSol (2) was used to identify selenium sites and calculate
density-modified 3.3 A experimental maps based on a single-wavelength single-wavelength
anomalous dispersion (SAD) data set from SeMet Pus7 (the experimentally determined SeMet f
and f’ values that were used were -7.4 and 5.0 respectively). Specifically, 16 selenium sites were
located and used for SAD phasing, using phenix.hyss. Subsequently, Phaser was used to
calculate the experimental phases, followed by density modification with RESOLVE (figure of
merit 0.36 before and 0.78 after density modification). The experimental density map showed
clear features of the protein backbone and well-defined side chains. RESOLVE traced and
automatically built 389 residues and their side chains in the experimental electron density. The
final experimental model was in really good agreement with our original MR derived model but
also provided us with a partial model of ID-1. The partial model of ID-1 included residues 129 to
148, a region of ID-1 that packs against the core of an adjacent monomer and includes the only
SeMet present in ID1. The electron density corresponding to the insertion domain is overall poor
and of rather low resolution, as also reflected in the very high average B-factors (165.02) as
compared to the average B-factors (117.44) for the rest of the protein (Figure S2E). Ultimately,
using SAD phasing, in combination with our MR model, we were able to obtain a structure solution
for the insertion domain, completing our structure model. An overlay of the final Pus7 model with
all 16 experimentally determined selenium heavy atoms is shown in Fig. S2. The structural model
was refined with REFMACS as part of the CCP4I12 package (3) using isotropic individual B-factors
with maximum-likelihood targets where the Babinet model for bulk-solvent scaling was utilized.
Refinement was followed by model building and modification with Coot (4). We performed several
iterative rounds of refinement followed by model building and modification. All crystallographic
information as well as refinement statistics are provided in Table 1. The geometric quality of the
model and its agreement with the structure factors were assessed with MolProbity (5). Figures
displaying crystal structures were generated by PyMOL(6).

Preparation of 5’-fluorescein labeled RNA substrates.
RNA was prepared via in vitro transcription from DNA oligonucleotide templates ordered from

Integrated DNA Technologies (IDT) and transcribed by recombinant T7 RNA polymerase (7).
Transcription reactions were carried out in 50 mM Tris-HCI pH 8.0, 4 mM MgCl», 1 mM spermidine,
5 mM DTT, 4 mM ATP, 4 mM CTP, 4 mM UTP, 1 mM GTP, 4 mM guanosine-5-O-
monophosphorothiolate (GMPS), 350 pg/mL purified T7 RNA polymerase, 12.5 uM purified DNA
template containing T7 promoter and 4 U/ul SUPERaseln. After stopping the transcription by the
addition of 50 mM EDTA and 500 mM NacCl, the RNA was washed with degassed TE pH 7.2 three



times using Amicon spin column (10 kDa MWCO). The washed RNA (~250 pl) was incubated
with 20 ul 45 mM fluorescein overnight at 37°C to label the 5’end. All following steps were carried
out in the dark. The reaction was stopped by addition of an equal volume of 2X loading dye (0.05%
Bromophenol Blue, 0.05% Xylene Cyanol dye, 50% m/v urea, 0.1 M EDTA) and run on a 12%
urea-polyacrylamide gel. The RNA was eluted via crush-and-soak method into buffer (TE, 0.1%
SDS, and 0.5 M NaCl) overnight at 4°C. The elution products were subsequently filtered, washed,
and concentrated using degassed TE and an Amicon spin column (10 kDa MWCOQO). The RNA
was then ethanol precipitated at -20°C for 12 hours. The resulting pellet was resuspended in 20
ul of RNase free H>O. The concentration of the total and labeled RNA were measured
photometrically using A260 and A494 respectively, using a Nanodrop spectrophotometer. Select
Fl-labeled substrates were also purchased from Dharmacon.

Electrophoretic mobility shift assays (EMSAs)
For gel-shift assays, serially diluted protein (0-2000 uM) was incubated with 10 nM of 5’-

fluorescein labeled RNA in 10 pL reaction volumes for = 5 min at 25°C in a binding buffer

containing 100 mM NH4OAc, 100 mM Tris, pH 8.0, 5 mM MgCl;, 2 mM DTT, and 6% (w/v)

sucrose. An aliquot of each reaction (5 pL) was loaded on a preequilibrated, native 6%
polyacrylamide (37.5:1) gel in 1XTBE. Gels were electrophoresed at 30V for ~4h at 4°C. When
fluorescently labeled RNA substrates were used, electrophoresis was performed in the dark. Gels
were then rinsed in 1XTBE and imaged on an Amersham Typhoon Biomolecular Imager (GE

Healthcare). If unlabeled RNA was used, the gel was stained with SYBR® Gold Nucleic Acid Gel
Stain (Invitrogen) in 1XTBE for = 30 min in the dark before imaging on the Typhoon. Band
intensities were quantified using ImageQuant (Cytiva) and the percentage of RNA bound
calculated using Equation 1:

E.Tth

np ny
Kpapp " +Er

RNApyuna(%) = 100 X

Binding data were fit using equations derived from the binding models shown in Figure S10. In
general, simpler models were tried first, and if systematic errors remained in the fit, more complex
models were used to fit the data. The simplest model used was a Hill curve, Equation 2:

ETnh

np np
Kpapp " + Er

RNAbound(%) =100 X

In this model, Kp app is the apparent Kp for binding of Pus7 to one of the many sites on a given
RNA; Kbp,app'n is the concentration of Pus7 at which 50% of available sites are bound. When
systematic errors remained in the fit, a more complex model was used in which Pus7 bound first



to a single specific site on the RNA, followed by the binding of multiple Pus7 moieties to multiple
nonspecific sites on the same RNA (Figure S10B). These data were analyzed using Equation 3:

np
(ET/KD 1)X(1+(ET/KD 2) )
RNApouna (%) = 100 X 4rp .app

ET ET nh)
1+ ( /KD)appl) % (1 * ( /KD)appZ)

Neither of these models are theoretically correct, in particular because there is no evidence for
cooperative binding of Pus7 to RNA. A theoretically correct binding model would need to account
for random binding of Pus7 to all of the possible binding sites on a given RNA. Each RNA has
many binding sites, which are not all equivalent because of differences in sequence and structure,
and the binding sites can interact with one another negatively (via steric occlusion, for example)
and positively (e.g. binding of Pus7 at one site changes structure at a second site, increasing
binding affinity). Our experimental methods do not provide enough information to develop such a
model. The simplified models we use to analyze the data are therefore the best available tool,
and allow for quantitative comparison of differences in binding that are identifiable via visual
inspection of EMSA gel images.

Single-turnover pseudouridinylation assays
RNA substrates containing 5,6-[*H]-uridine were prepared by in vitro transcription (7) and

denaturing gel purification. Reaction buffer was as described for the EMSA experiments. RNA
substrates were folded in 1X reaction buffer by heating to 60°C for 5 minutes, followed by a 30
minute incubation at 30°C (8). Indicated concentrations of protein were mixed with the smallest
detectable amount of substrate (~3,000 cpm per uridine in each timepoint, which allows reliable
detection of tritium release above 5% turnover). At each timepoint an aliquot of reaction mix
(containing ~3,000 cpm/U) was quenched in 1,250 yL 0.1 M HCI (final) containing 250 ug Norit-
A. Quenched timepoints were mixed, centrifuged at 21,000 x g for 5 minutes, and 1000 pL of
supernatant was transferred to a new tube containing 250 pL of 0.1 M HCI with 250 pg Norit-A.
Mixing and centrifugation were repeated, and 1000 pL of the supernatant was filtered through
glass wool in a 1 mL pipet tip to remove residual charcoal. Aliquots of the filtrate (500 uL) were
removed for liquid scintillation counting in a Beckman LSC-6500. For each reaction mix, input
controls were prepared by passing an aliquot of reaction through the same process using 0.1 M
HCI without the Norit-A. Counts observed in the input sample are used to calculate cpm/uridine,
allowing calculation of the amount of W produced at each timepoint. Background counts were
determined by processing an RNA only reaction aliquot through the sample pipeline; these counts
were routinely equivalent to background in our instrument (~30 cpm). Fraction of target U
converted to W data were fitted using Equation 4:
U > ¥ (fraction) = 1 — e kobs*t

Stop Flow Assays: Pus7/ D256A binding with fluorescently labeled mRNA
D256A Pus7 and 5-fluorescein labeled CDC8 were generated and purified as described as

above. Kinetic binding experiments were performed using the Kintek SF-300x stop-flow
apparatus. Fluorescently labeled mRNA (5 nM final concentration) was mixed with D256A at



varied concentrations (20 nM — 750 nM final). Binding experiments were performed at room
temperature in same buffer used in the EMSA experiments over the span of 1-1.5 seconds. Lower
concentrations of Pus7/D256A (0-100nM) displayed monophasic behavior and were fit with a
single exponential equation: A1e™*" + ¢ to obtain a kovs1. Higher concentrations displayed biphasic
behavior and therefore were fit with a double exponential equation: Ae™''+ A,e™*® + ¢ to obtain
Kobst @and Kobs2. The Kops1 Values from both fits were then plotted against the concertation of D256A
PUS7 mutant, displaying a linear relationship. The y-intercept gave a ko of approximately 35 s™
and the slope gave a kon of ~4.3 x 108 M's™. The Kp For D256A binding CDC8 was obtained
using Equation 5: Kp = Ko/ Kon.

Wild-type and pus7A growth assessment
Wild-type and pus7A yeast cells were inoculated into 3 mL YPD media and grown overnight.

Then, they were diluted to ODeoo=1 as a starting point, and 7 ml of 10-fold serial dilutions were
spotted on fresh YPD agar plates supplemented with 0.75-1.0 M NaCl, 250 mM MgSQO4, 200 mM
puromycin, 100 ng/mL cycloheximide, 25-50 mg/mL hygromycin B, 50 mM MG132 and 1.5-3
mg/mL paromomycin. Growth of the cells were also tested in the presence of different carbon
sources including 2% glucose, 2% sucrose and 2% galactose in YEP agar media (1% yeast
extract and 2% peptone). The plates were incubated for 2-3 days at 30°C unless otherwise
indicated.

Phylogenetic tree generation

Annotated TruD/Pus7 sequences (>400 total sequences) from GenBank (NCBI) were aligned
using ClustalW. Then, a representative 44 amino acid sequence was used for further analysis.
Evolutionary analyses were conducted using MEGAX tool (9). The phylogenetic tree was
generated using the Maximum Likelihood method (10). The bootstrap consensus tree inferred
from 100 replicates is taken to represent the evolutionary history of the taxa analyzed (11). The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap test
(100 replicates) are shown next to the branches. Initial tree(s) for the heuristic search were
obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise
distances estimated using the JTT model, and then selecting the topology with superior log
likelihood value. A discrete Gamma distribution was used to model evolutionary rate differences
among sites (5 categories (+G, parameter = 1.3722)). The rate variation model allowed for some
sites to be evolutionarily invariable ([+1], 0.89% sites). There were a total of 1344 positions in the
final dataset.

Ribosome profiling data analysis
Raw ribosome profiling sequencing data from two studies (12, 13) were downloaded and

processed using the procedures described below. Briefly, adapter contaminations and low-quality
reads were filtered out from the raw reads using the Cutadapt tool (14) like as previously described
(15). Subsequently rRNA and tRNA contaminations were removed by aligning reads to the non-
coding RNA (ncRNA) sequences of S. cerevisiae using Bowtie2 (16). Next, the remaining
unaligned sequences were aligned against the transcriptome (coding RNA) of S. cerevisiae (R64-
1-1 genome built) using TopHat2 (17). After that perfect match alignments were extracted from
the TopHat output. For further downstream analysis, 3'- and 5-end P-site offset values were



determined using riboWaltz (18). These P-site offset values are required to identify where
ribosomes are located on each ribosome protected footprints (RPFs). After P-site offset
calculation, actively translating ribosomes that represent trinucleotide periodicity were identified.
Then the number of mapped RPFs was counted for each codon position within a gene using
Samtools (19).

Modeling of thermal stability of PUS7
Using the established relationship between a protein’s stability and its heat capacity (ACy),

stability (AG) chain length can be reasonably modeled as a function of chain length (N) and
temperature (T) (26-29). Pus 7’s stability curve was modeled as a function of N and T using
previously published model seen in, Equation 6 (27, 29-31).

AG(N,T) = AHg + AC, (T — Tg) — TASz — TAC, In In (%) (6)
Where enthalpy (AHRr) and entropy (ASr) are calculated at a reference temperature and (AC,) is
the heat capacity of a protein, Tr is the reference temperature of 373 K for both AHr and ASk.
These previous studies took advantage of the correlation between a protein’s thermodynamic
parameter and chain length to derive linear equations from experimental measurements collected
into databases. The linear equations can be expressed as equations 7, 8, 9, (27, 29)

AHg = my, - N + b, (7)
ASg =mg- N + b (8)
AC, = m.-N + b, (9)

Where my and by, are the slope and intercept of AHr, ms and bs are the slope and intercept of ASr
and mc and b are the slope and intercept of AC, when these parameters are plotted as a function
of N. Equations 7, 8, 9 can be inserted into Equation 6, in order to get stability as a function of N
and T as seen in Equation 10.

AG(N, T) = (10)

(muN + by) + (mN + b)(T — Tg) —T(mN + by) —T(m.N + b,) In (Tl)
R

Detection and quantification of pseudouridylation: CLAP assay
The CLAP assay was adapted from Zhang, 2019 (25).

Pseudouridylation of total RNA or in vitro transcribed CDC8

Briefly, 150 ug of total RNA purified from BY4741 yeast Apus7::kanMX was mixed with 50 uM
Pus7-WT or Pus7-AID1 and incubated for 10 minutes at 30°C or 37°C in 1X pseudouridinylation
buffer (100 mM TRIS-HCI pH 8.0, 100 mM NH4+OAc, 2 mM DTT, 5 mM MgClz) to modify the RNA.
The reaction was stopped by adding 1/10"™ volume of 3 M NaOAc pH 5.2, followed by two
phenol:chloroform (1:1) extractions with saturated acid phenol, and a final chloroform extraction
to isolate the RNA. The RNA was then precipitated by adding an equal volume of 100% EtOH
and 1 uL of GlycoBlue (Thermo Fisher, AM9515) and incubated at -20°C for 3 hours.

CMC treatment



RNA was resuspended in 41.5 uL of BEU buffer (50 mM Bicine pH 8.3, 4 mM EDTA, 7 M Urea).
For CMC treated samples, 8.5 uL of freshly prepared 1 M CMC dissolved in BEU buffer was
added, for a final concentration of 170 mM CMC. For CMC non-treated samples, 8.5 uL of BEU
buffer was added, for a final reaction volume of 50 uL. Samples were incubated at 37°C for 20
minutes. The reaction was stopped by adding 100 uL of Stop Buffer (300 mM NaOAc pH 5.2, 0.1
mM EDTA) for a final volume of 150 pL. Excess CMC was removed by two sequential ethanol
precipitations. Briefly, 700 uL 100% EtOH, and 1 uL GlycoBlue were added to the reaction before
incubating 3 hours at -20°C. Sample was spun down for 30 min, 15kRPM, at 4°C before removing
the supernatant, and washing the pellet by adding 500 uL of 70% EtOH, and spin for 5 min at
15kRPM. Remove supernatant and allow pellet to dry. Resuspend the RNA pellet in 100 uL of
Stop Buffer and repeat ethanol precipitation and wash.

Alkali Treatment

Resuspend the pellet in 40 uL of 50 mM Na>COs; pH 10.4 (pH taken at 37°C, temperature of
incubation) and incubate for 3 hours at 37°C. Precipitate RNA via ethanol precipitation, as
described above, with an additional 70% ethanol wash. Let pellet air dry. Resuspend the pellet in
20 L sterile water and determine concentration by nano-drop.

RNA 5’ Phosphorylation

To 6 ug RNA in 6.5 uL, add 1 uL 10X T4 PNK reaction buffer (NEB B0201S), 1 uL of 1 mM ATP,
0.5 uL 20 U/uL SUPERase*In RNase Inhibitor (Thermo Fisher AM2694), and 1 uL 10 U/uL T4
PNK (NEB M0201L) for a final volume of 10 uL. Incubate at 37°C for 30 minutes.

Blocker Ligation

To the reaction above, add 1 uL 10X T4 RNA Ligase reaction buffer (NEB B0216L), 1 uL of 100
uM 5 RNA blocker oligo (IDT /5AmMCG6/rArCrCrCrA), 1 uL of 1 mM ATP, 1 uL 20 U/uL
SUPERase-«In RNase Inhibitor (Thermo Fisher AM2694), 3 uL DMSO, 2 ulL sterile water and 1
uL 10 U/uL T4 RNA Ligase | (NEB M0204L) for a final volume of 20 uL. Incubate at 16°C for 16
h. Stop ligation reaction by adding 1.2 uL 200 mM EDTA.

Reverse transcription

For reverse transcription, the RT primer was first annealed by taking 3 uL of ligation mixture,
adding 1 uL of 10 X annealing buffer (250 mM Tris-HCI, 480 mM KCI, pH 7.4) and 1 pL of 0.5 uM
target specific reverse transcription primer (IDT). Samples were heated to 95°C for 3 minutes and
slowly cooled to 37°C at a rate of -0.01°C/s (~15 min). To annealed sample, add 5 uL of 2 X AMV
reverse transcription reaction mixture (1.2 U/uL AMV RT (NEB M0277L), 2X AMV RT buffer, and
1 mM of each dNTP) for a final concentration of 0.6 U/uL AMV RT, 1X AMV RT buffer, and 0.5
mM of each dNTP. Incubate at 42°C for one hour. Inactivate AMV RT by heating to 85 °C for 5
min before placing on ice. To digest RNA, add 1 uL of 5 U/uL RNaseH and incubate at 37°C for
20 minutes. Inactivate RNaseH by heating to 85 °C for 5 min and before placing reaction on ice.
Add 1 uL of splint/adaptor oligo mix (1.5 uM adaptor oligo, 1.5 uM splint oligo) and incubate
mixture at 75°C for 3 minutes followed 3 minutes at room temperature to anneal the splint/adaptor.



Add 4 uL of 4x ligation mixture (40 U/uL T4 DNA ligase, 4X T4 DNA ligase buffer, and 50% DMSO)
for a final concentration of (10 U/uL T4 DNA ligase, 1X T4 DNA ligase buffer, and 12.5% DMSO).
Incubate at 16°C for 16 h. Heat reaction to 65°C for 10 min to deactivate T4 DNA ligase, place
immediately on ice.

PCR

Use 2 uL of reaction above, mix with 3.5 uL of 5 uM forward primer and 3.5 uL of 5 uM reverse
primer (or reverse transcription primer). Add components for Q5 DNA polymerase reaction to a
final volume of 35 uL and final concentration of 1X Q5 reaction buffer, 1X Q5 GC enhancer, 200
uM of each dNTP, 0.5 uM of forward and reverse primers, and 0.2 U/uL Q5 high fidelity DNA
polymerase (NEB M0491L). Perform 35 cycles of PCR at requisite annealing temperatures for
each site. 5 uL of PCR reaction was mixed with 1 uL of 6X TriTrack DNA loading dye and loaded
on to a native 10% acrylamide (29:1) gel in 1X TBE pre-run at 10V/cm for 1 hour. Gel ran 3 hours
at 10V/cm before being stained in 1X SYBR gold nucleic acid gel stain in 1X TBE for ~10 minutes.
Gels were imaged on Amersham Typhoon imager and quantified using ImageQuant.

CLAP Primers

ARG5,6_RT CCCATAGCAAGATTAATATTT
ARG5,6_FWD TAGTTATTGGTGGTTTCA
ARG5,6_REV TGCAGACATTGAGTAGC

ARG5,6_ADAPT
ARG5,6_SPLINT

pCCATGTGAAACCACCAATAACTA
TTTCACATGGAGTTGTTTGC/3SpC3/

BET2_RT GCTTGAGCTGCATGGGATTCA
BET2_FWD ACTATCAATTTTGGGTGAATTAA
BET2_REV GCATTAGGACATAATCCAAAG
BET2_ADAPT pCCATGTTAATTCACCCAAAATTGATAGT
BET2_SPLINT ATTAACATGGAGACTTTGTA/3SpC3/
U2snRNA_RT TATTATTTTGGGTGCCAAAAA
U2snRNA_56_FWD CCTTTTGGCTTAGATCAA

U2snRNA_REV
U2snRNA_56_ADAPT
U2snRNA_56_SPLINT
U2snRNA_35_FWD

U2snRNA_35_ADAPT
U2snRNA_35_SPLINT

ATGTGTATTGTAACAAATTAAAAGG
pCCATGTTGATCTAAGCCAAAAGG
ATCAACATGGAACAACTGAA/3SpC3/
ACGAATCTCTTTGCCTTT
pCCATGAAAGGCAAAGAGATTCGT
CCTTTCATGGAGTATCTGTT/3SpC3/

CDC8_RT ATATGCGTACTCAAAACAGGC
CDC8_FWD GCTATTGGATAAAGAGATAAGGA
CDC8_REV TCAACGATTTGCCAAATAAGC
CDC8_ADAPT pCCATGTCCTTATCTCTTTATCCAATAGC

CDC8_SPLINT AAGGACATGGAGACGTTACT/3SpC3/



EFB1/TEF5_81 RT
EFB1/TEF5_81_FWD
EFB1/TEF5_81 REV
EFB1/TEF5_81 ADAPT
EFB1/TEF5_81_SPLINT

RTC3_77_RT
RTC3_77_FWD
RTC3_77_REV
RTC3_77_ADAPT
RTC3_77_SPLINT

RTC3 288 RT/REV
RTC3 288 FWD

RTC3 288 ADAPT
RTC3 288 SPLINT

TEF2_555 RT
TEF2_555_FWD
TEF2_555 REV
TEF2_555_ADAPT
TEF2_555_SPLINT

TEF2_1104_RT
TEF2_1104_FWD
TEF2_1104_REV
TEF2_1104_ADAPT
TEF2_1104_SPLINT

GTTGAACCATCTGGAGAATTC
GAAACAATTAAACGCTTCTTT
TGGGTAAGCAGATTGGAAA
pCCATGAAAGAAGCGTTTAATTGTTTC
TCTTTCATGGACTGCTGTTT/3SpC3/

TCCTGAGGAGTGAAAACTTCG
GGTGAAAATACAGATTTGATTG
AAGAGTTCGACAACTTCAGAT
pCCATGCAATCAAATCTGTATTTTCACC
GATTGCATGGAGACGAATAT/3SpC3/

TCAATTGTAGGCTTTGGTTC
GTTATCGATTTGATATTGAGAAA
pCCATGTTTCTCAATATCAAATCGATAAC
AGAAACCATGGAGTCTCAAAA/3SpC3/

GGACTTCAAGAACTTTGGATG
GAAACCTCCAACTTTATCAA
GGTGGTAGCTTCAATCATGTT
pCCATGTTGATAAAGTTGGAGGTTTC
ATCAACATGGGTTCCATTCG/3SpC3/

ACCCTTGTACCATGGAGCGTT
TTACTCTCCAGTTTTGGA
GTCTTCCAACTTCTTACCAGA
pCCATGTCCAAAACTGGAGAGTAA
TTGGACATGGAGATTCGACG/3SpC3/



SUPPLEMENTAL APPENDIX FIGURES

Figure S1: Phylogenetic relations in TruD and Pus7 family. This tree shows the relation of
Pus7 family proteins in different species. It also represents the relation between Pus7 family with

TruD family proteins.
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Figure S2: Comparison of Pus7 structures. (A) Rendering of the electrostatic surface potential
of yeast Pus7 generated with ABPS Electrostatics (20). Negatively charged regions are shown in
red, and positively charged regions are shown in blue. (B) Catalytic residue D256, Pus7
numbering, is shifted ~4A relative to the same residue in TruD (D80). Figure shows alignment of
the yeast Pus7 active site (purple) and residues (gray) with the equivalent residues in TruD
(yellow, PDB: 1SB7)(21). Pus7 numbering in black, TruD numbering in yellow. Distances
measured both from CAlpha position and from the carboxyl on D256/D80. (C) Superposition of
yeast Pus7 (light gray, blue) and human Pus7 (dark gray, yellow, PDB: 5KKP)(22), (Capha RMSD
= 3.743 for 144 atoms) and rotated 180 degrees to show the difference in position of the insertions
(I, 1, and 1ll) in yeast (blue) and human (yellow) Pus7. The catalytic residue D256, yeast
numbering, is shown in the active site (light gray spheres). (D) Top down view of yeast and human
superposition, looking down into the active site. (E) Putty representation of Pus7 colored
according to B factors. Residues with the lowest B factors in blue (min = 20A) and maximum in
red (max=200A). (F) 2Fo-Fc maps showing experimental electron density (gray mesh) around
yeast Pus7 ID-l (blue) contoured at 1.56. Methionine residues (M88 and M145, orange), shown
as sticks, used for SAD phasing.(G) Superposition (using 136 — 336 c-alpha atoms of the TRUD
and PUS domains, RMSD: ~2.52A for these domains) of TruD homologs, including: each
molecule in the asymmetric unit of each E.coli TruD structure (gray, PDB: 1sb7, 1si7, 1szw), both
TruD molecules in the asymmetric unit of the Methanosarcina Mazei structure (gray, PDB: 1z2z),
the single Pus7 molecule in the human structure (yellow, PDB: 5kkp), and the single molecule in
the yeast Pus7 structure reported here (blue).









Figure S3: Sequence alignment of representative TruD family members.
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Figure S4: ID-l contains a single strand nucleic acid binding R3H domain. DALI alignment of the
R3H motifs (based on 56 atoms, RMSD: 2.788 A) from humanPus7 ID-I (yellow, PDB: 5kkp) and
PARN (blue, PDB: 2a1s).




Figure S5: S. cerevisiae cell growth under different conditions.

wild-type pus7A

YPD - 30°C
(Control)

YPD -22°C

YPD =37 °C

NaCl
{0.75 M)

Nacl
{1.00 M)

HygromycinB
(25 pg/mL)

HygromycinB
(50 pg/mL)

Cycloheximide _|
(75 ng/mL)

Cycloheximide rep1 3 days
(100 ng/mL) rep2
Parom omycin rep1 2 days
(1.5 mg/mL) rep2
Paromomycin rep1
(3 mg/mL) rep2
Puromycin rep1
(200 uh) rep2
1
MG132 rep
(50 uY) rep
MgSO, rep1
(250 mM) rep2
rep1 |
YPD-pH45
YPD-pH85 —

YEP - Glucose —
r
YEP — Sucrose

YEP - Galacltose —
r




Figure S6: Example S. cerevisiae cell growth in liquid media. Growth curves for wild-type and
pus7A cells in YPD at 30°C after the addition of (A) nothing, (B) cycloheximide, and (C)
paromomycin.
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Figure S7: Ribosome occupancies are affected in the absence of Pus7. (A) Ribosome
protected footprint (RPF) read length distribution. Distribution of ribosome protected fragments
(RPFs) length show that most of the RPFs are between 27-30 nucleotide length. (B) ~50-60 % of
these RPFs are in-frame (frame 0) (C) Ribosome occupancies are altered in pus7A compared to
wild-type cells. Fold change in the ribosome codon occupancies was simply calculated by dividing
the number of mapped RPFs in the P-site of pus7A to wild-type.
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Figure S8: Raw EMSA data
Each panel is titled “SUBSTRATE PROTEIN” in bold text. Panels are grouped by substrate and
then by protein mutations. Each panel shows the binding model used for curve fitting, one gel
image, and a single curve fitted to all replicate data sets. The dissociation constant for the specific
binding step of the model is noted along with the error of the fitted parameter.
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Figure S9: Yeast PUS1 nonspecifically binds RNA and catalyzes pseudouridinylation
outside its consensus sequence. A. EMSA using PUS1 and its GLK1 target RNA showing
specific and nonspecific binding events. B. Measurement of pseudouridine synthase activity on
a variety of PUS7 and PUS1 substrate RNAs. The tRNA substrates are positive controls and
show the expected pattern of activity. The MFKKX substrate contains two UGUAG motifs and
mutation of one of them eliminates pseudouridinylation at that site by both PUS1 and PUS7.
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Figure S10: Models utilized in analysis of EMSA data. (A) Simultaneous binding of n PUS7
enzymes to a single RNA substrate, otherwise known as a Hill binding curve. This model was
used when no specific binding was apparent. Binding curves were fit to the equation shown. The
EMSA assay allowed direct estimation of free enzyme concentrations, so we fit the data using
both free and total enzyme concentrations. The differences between these fits was much smaller
than the difference in fits of data from independent replicates. Since using total enzyme as the
independent variable was not the limiting factor in the precision of our measurements, we used
total enzyme as the independent variable for simplicity. (B) Model for binding of one PUS7 enzyme
to a single specific site on the substrate RNA, followed by simultaneous binding of n PUS7
enzymes to n non-specific sites on the same RNA. This model was used to fit data when the Hill
equation underestimated the fraction bound at lower concentrations of enzyme, reflecting the
existence of a unique site with a lower Kp for PUS7. (C) A realistic model for binding of one or
more PUS7 enzymes, in arbitrary order, to a single specific site and one or more nonspecific sites
on a single RNA. Occupancy of nonspecific sites is indicated by superscripts /, j, k, ... on the S.
Nonspecific sites can be bound in any order (e.g., k,/,/,j) but are depicted in alphabetical order for
convenience.
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Figure S11: Stopped flow assessment of binding kinetics. (A) Experimental set-up, as
described in the corresponding S| Appendix Methods. (B) Stopped-flow traces of FI-CDC8
rapidly mixed with 0, 20 and 750 nM of D256A Pus7 protein. (C) Traces at higher D256A
concentrations were biphasic. This shows a 750 nM trace fit with one or two phases. (D) All of
the Kobs,1 Values measured are plotted as a function of D256A Pus7 concentration.
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Figure S12: Deletion of ID1 does not broadly affect pseudouridinylation of total RNA in vitro.
Total cellular RNA extracted from Apus7::kanMX was pseudouridinylated in vitro using PUS7FL
or PUS7AID1. Pseudouridinylation of known sites was assayed using CLAP (25).
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Figure S13: Deletion of ID-lI influences pseudouridylation efficiency in a target dependent
manner.

Total cellular RNA was extracted from pus7::kanMX yeast and pseudouridinylated in vitro with
PUST7fl or PUS7AID1 (left side) or extracted from pus7::kanMX yeast expressing PUS7FL or
PUS7AID1 (right side). Pseudouridinylation was assayed at specific sites using CLAP (25). The
difference between mean pseudouridinylation level at sites in RNA exposed to PUS7AID1 and
RNA exposed to PUS7fl is shown on the y axis.
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Figure S14: Expression of PUS7AID1 confers no obvious phenotypic defects relative to
PUS7FL. PUS7 was expressed from a CEN plasmid under the control of a GPD promoter in WT
and Apus7::kanMX yeast and assayed by spot plating under the indicated conditions. Three
independent transformants were assayed for each plasmid.
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Figure S15: Isolation of PUS7fl and PUS7AID1 expressing clones. Three independent
transformants were isolated for each strain/plasmid combination.
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Figure S16: Secondary structure prediction of Pus7 modified sites in mRNA coding regions

reported in Carlile, et al. Nature (2014) (23).
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Figure S17: Model - Pus7 rapidly samples RNAs
for specific modifiable sequences. RNAs contain
multiple (often overlapping) potential Pus7 binding
sites. These sites have varying degrees of accessibility
to Pus due to their secondary/tertiary structures or
occlusion by RNA-binding proteins. Pus7 rapidly
samples all accessible sites on a given RNA, forming
nonspecific interactions with most sequences. When
Pus7 interacts with a modifiable (e.g. UGUAR)
sequence, it forms a tighter, ‘specific’ interaction that
results in W installation. Only a handful of the potential
Pus7 sites are modifiable and ‘specific.’



Figure S18: Secondary structure predictions at 30°C and 45°C of randomly selected Pus7
heat shock targets Schwartz, et al. Cell (2014) (24).
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Figure S19: The observed rate constant for pseudouridinylation on short target 1 (ST1) is
increased ~10-fold at elevated temperature. A. Observed rate constants for
pseudouridinylation increase more than 10-fold as temperature increases, suggesting that
increased conformational flexibility of the RNA structure allows more rapid access of PUS7. B. A
set of stochastic structure predictions (32) demonstrating possible temperature-dependent
changes in the structural environment of the target U in substrate sT1.
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Figure S20: Modeled thermal stability of PUS7.
Using the chain length (N) of Pus 7, its stability was modeled as a function temperature range to
find its maximum stability. Its maximum stability of about 65 kJ/mol is at approximately 22 ° C.
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SUPPLEMENTAL APPENDIX TABLES
Table S1: Crystallographic parameters.

Table S1. X-Ray Crystallography Data Collection and Refinement

Statistics

Pus7

Data collection

Beamline APS, LSCAT 21-IDD
Wavelength (A) 0.979
Temperature (K) 100
Resolution (A) 48.27-3.20 (3.42-3.20)
Space group 222
Cell dimensions (A) a=117.9,b=17L.8,
c=1053

Cell dimensions (°) a=B=y=90
Observed reflections 184,895 (31,045)
Unique reflections 18,019 (3,207)
Rmeas (%) 17.8 (141.7)
Rmerge (%) 17.8 (132.6)
<I/o> 9.5(2.0)
CC(1/2) 0.996 (0.802)
Multiplicity 10.3 (9.7)
Completeness (%) 99.9 (100)
Overall B (A?) (Wilson plot) 121.9
Refinement
Resolution range 46.32-3.20
Number of reflections 18017/881
(work/test set)
Rwork/Riree (%0) 22.4/27.6
No. of non-H atoms

Protein 9394

Water 14

Ligand 15
B-factors (A?)

Protein 130.1

Water 88.7

Ligand 164.3
Rmsd deviations

Bond lengths (A) 0.0025

Bond angles (°) 1.21
Estimated coordinate error (A); maximum 0.4200
likelihood based
Cruickshank’s DPI' (A) 0.4688
Ramachandran plot

Favored/allowed/outliers

87.7/12.1/0.2



MolProbity Score 1.63 (100" percentile)

PDB TMZV




Table S2: Impact of Pus7 mutations on CDC8 binding and modification

kobs
variant Kobs (s7) &0 defect Kb, app1 (NM) %¢
(fold)®
WT® 9.9 x 10" 1.0 x 10" 1 76 15
D256A° no reaction 60 16
K61A 2.6 x 102 01x102 38 6 400 200
F67A 4.6 x 10° 0.2 x 10 213% 180 40
E7IA 52 x10° 0.3 x 10° 1%% 210 50
F307Y 2.6 x 10° 0.1 x 10° 3%% 378 102
N305A 4.0 x 10 <1x10° 2’388 230 60
B . 74,000
F307A 1.3 x10 <1x10 ooy 3 170
WT 8.4 x 10" 0.5 x 10°! 1 n.dJg
H161AT 6.9 x 10" 0.9 x 10" 1(')22 170 40
AID1 3.8 x 10" 0.6 x 10" 2(')25 160 40

@ errors are standard error of the fit

b kovs determined by fitting a curve of the form y = 1 — e ~Fobs Xt

¢ relative to WT at the same concentration on full-length cdc8 substrate

9 Kp determined by curve fitting as described in Supplemental Appendix — Extended Methods
¢ All Kp values determined using D256A-double mutants, except for WT (no mutation), and the
F307Y and D256A single mutants.

fConcentration of [Pus7] used to determine kons = 10 uM. All other reactions carried out with
[Pus7] =2 uM

9n.d., not determined



Table S3: Dissociation constants for Pus7 binding to various substrates.

substrate  variant Kbp,app1 (NM) 2P
dC8-A WT 16 2
caces D256A 57 4
cdc8-B D256A 802 320
4C8-C WT 74 19
cace D256A 131 13
D256A 34 4
T1 AID1-
° 69 13
D256A
not analyzed — very
D256A weak
sT2 AlD1- not analyzed — very,
D256A very weak
D256A 16 1
tRNA Asp
AID1-
eue 34 1
D256A

@ errors are standard error of the fit
b Kp determined by curve fitting as described in the Extended Methods



Table S4: Observed rate constants for pseudouridinylation on different substrates.

substrate vartlan []F:::“Sn-), Kobs (s7) #°

WT 1 4.9 %107 0.5 x 10
cdc8-A 5 9.3x 10" 1.4 x 107"
10 7.7 x 10 0.8 x 10
cdc8-B WT 2 6.4 x 10 1.0 x 10"
10 7.8 x 10 0.8 x 10
WT 2 8.9 x 10 2.1x 10"
ce8-C 10 9.9x10" 1.4 x 10"
WT 10 5.1x%x103 0.2x 103

sT1
AID1 10 9.4 %103 0.7 x 103
sT2 WT 10 2.4 x10* 0.2x10*
tRNA Asp.CUC WT 10 9.1x 103 0.5%x 103

@ errors are standard error of the fit
b kobs determined by fitting a curve of the form fraction U »= 1 — e ¥obs X ¢



Table S5: RNAs used for biochemical assays.

substrate name

cdc8-FL

CDC8-FL-NT

CDC 8-A

CDC 8-A-NT

CDC 8-B

CDC 8-B-NT

CDC 8-C

CDC 8-C-NT

ST1

SNT1

ST2

SNT2

tRNAAsp,GUC

tRNAAP-CUC.NT

CLAP-CDC8

RNA sequence

GUCAAUCACGAUUGUAGACGUUACUAAUAAGGGCAUUCAGGAAGU
UGAAGCGCUUAUUUGG

GUCAAUCACGAUUGCAGACGUUACUAAUAAGGGCAUUCAGGAAGU
UGAAGCGCUUAUUUGG

GAUUGUAGACGUUACUAAUAAGGGCAUUCAGGAAGUUGAAGCGCU
UAUUUGG

GAUUGCAGACGUUACUAAUAAGGGCAUUCAGGAAGUUGAAGCGCU
UAUUUGG

GUCAAUCACGAUUGUAGACGUUACU

GUCAAUCACGAUUGCAGACGUUACU
GUCAAUCACGAUUGUAGACGUUACUAAUAAGGGCGGAAGUGCGCU
UAUUUGG

GUCAAUCACGAUUGCAGACGUUACUAAUAAGGGCGGAAGUGCGCU
UAUUUGG

GGUGUCUUGCGAGGAUAAGUGCAUUUGUAGGCCCUUCCCA

GGUGUCUUGCGAGGAUAAGUGCAUUUGCAGGCCCUUCCCA

GGGAUCUGUAGCCCACCAA

GGGAUCUGCAGCCCACCAA

GCCGUGAUAGUUUAAUGGUCAGAAUGGGCGCUUGUCGCGUGCCA
GAUCGGGGUUCAAUUCCCCGUCGCGGCGCCA

GCCGUGAUAGCUUAAUGGUCAGAAUGGGGCUUGUCGCGUGCCAG
AUCGGGGUUCAAUUCCCCGUCGCGGCGCCA
GGCUAUUGGAUAAAGAGAUAAGGAAAGGCGAUGAGUCAAUCACGA
UUGUAGACGUUACUAAUAAGGGCAUUCAGGAAGUUGAAGCGCUUA
UUUGGCAAAUCGUUGAGCCUGUUUUGAGUACGCAUAU
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